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I. INTRODUCTION
Three-phase four-leg inverters have great interest in modern industrial applications, such as power generation, distributed stand-alone energy systems [1] [2] [3] [4] . This inverter has its specialty because of the fourth-wire which connects the neutral to the load. Imbalance in the current drawn from each phase of the supply requires an extra neutral connection to deal with the zero sequence current which then results [5, 6] . Space vector modulation has proved to be one of the most popular and favorable pulse-width modulation schemes due to its high dc link voltage utilization, low output distortion, and ability to minimize the switching and conduction losses [7] . Recently different and more complex SVPWM methods have been developed for multiphase machines and electric-vehicle applications [8, 9] . The goal of the three-phase four-leg inverter is to maintain the desired sinusoidal output voltage waveform over all loading conditions and transients. This is ideal for applications like data communication, industrial automation, military equipment, which require high performance UPS [10] . This work presents a comprehensive study of three-dimensional space vector modulation (3-DSVM) schemes for fourleg voltage-source inverter. Section II describes four-leg voltage-source inverter and its average large models, which can be used, with its control loop, to derive the reference voltage vector for SVM. In Section III 3-D space vectors are defined. Based on the definition, sixteen switching state vectors (SSVs) are plotted in the 3-D space. The adjacent switching vectors used to arraying the reference vector are then identified using two-step procedure. A symmetrically aligned sequence scheme is presented.
II. FOUR-LEG VOLTAGE-SOURCE INVERTER TOPOLOGY
The schematic diagram of a four-leg inverter is shown in Fig.1 . This topology is known to have balanced output voltages even under unbalanced load conditions. Due to the additional leg, a fourleg inverter can assume sixteen switching states, which is twice that in a conventional three-leg inverter.
A. Average Model of Four-Leg Voltage-Source
Inverter The large-signal average model of the four-leg voltage-source inverter is used to find the reference voltage vector for 3-D SVM in steady state, and for control loop design. They are obtained by replacing the four-leg switching network shown in Fig. 1 with its average model. With a pulse width modulation control, the ac terminal voltages, and the dc terminal current of the switching network are pulsating in a switching period. To calculate the average values in a switching period, the moving average operand is expressed in Eq. (1), for an arbitrary variable (X t ).
After a cycle-by-cycle averaging process, the averaged ac terminal voltages, V an , V bn , and V cn and the dc terminal current are expressed as
where: d an , d bn , and d cn are line-to-neutral duty ratios [11] . According to Eqs. (2) , and (3) the average large-signal circuit model of the fourlegged switching network is shown in Fig.1 . It is arranged by the four-leg switching network with the averaged switching network model. The large-signal average circuit model of the four-leg inverter given in a-b-c coordinate is shown in Fig.2 . From this model one can have:
where: i LA , i LB , and i LC are three-phase load currents, and i n is the neutral current. Under the assumption of having known output three-phase voltages (balanced or not), the inverter output voltages which are used as the reference control voltages v an , v bn , and v cn in the a-b-c coordinate can be calculated using Eqs. (4), and (5) [9] .
B. Definition of 3-D SVPWM
In the four-leg inverter, the assumption of X a + X b + X c = 0 where X may be current or voltage is no longer need to be valid while the fact that X a + X b + X c ≠ 0 (6) suggests that the three variables become truly independent, and can be represented by a vector (X) in 3-D orthogonal (α-β-γ) coordinate, where 
The transformed voltages in the (α, β, γ) space can be obtained using the transformation 
In four-leg inverter there are sixteen different combination of switching states. Each of these switching states represents a certain space vector, while in a conventional three-leg inverter only eight switching states are seen. This means that four-leg inverter is double complicated than three-leg inverter. These sixteen switching states are listed in Table I , where (1) means that the upper switch in the leg is on and the lower switch is off, while (0) means that the upper switch in the leg is off and the lower switch is on. Applying the transformation given in Eq.(9), can be gained. The switching space vectors in (α, β, γ) coordinate are shown in Table II . It is clear from these tables that there are two zero switching vectors (1111, 0000) and fourteen nonzero switching vectors. These switching vectors are shown in Fig.3 (a) . In the space of transformed phase voltages {v α , v β , v γ }, where α, β plane is the plane in which v an +v bn + v cn = 0, and γ is the axis of the zero sequence component. The vertices of these vectors when projected onto the (α, β) plane would form a regular hexagon as shown in Fig.3 (b).
III. SYNTHESIS OF THE REFERENCE VECTOR
The reference vector (V ref.
) is synthesized by using the switching vectors shown in Fig.3 in every switching cycle. This can be implemented by the following two steps:
(i) Selection of switching vectors.
(ii) Projection of the reference vector onto selected switching vectors.
Step 1: Switching vectors adjacent to the reference vector should be selected since the adjacent switching vectors produce nonconflicting voltage pulses (same voltage polarity).
Step 2: Identification of the adjacent switching vectors for 3-D SVM which takes two steps, namely prism identification and tetrahedron identification.
Table-I Switching combinations and the four-leg switching network ac terminal voltages.
The prism identification is very similar to the sector identification for 2-D SVM. Based on the projections of the reference vector on the (α-β) plane V α , and V β , six prisms in the 3-D space can be identified and numbered as Prisms 1 through 6, and from here it is trivial to calculate the phase angle in this plane by using Eq.(10) below, which specifies which prism the output voltage vector lies within [12] .
Vector Leg a Leg b Leg c
Leg n 
where, θ αβ is the phase angle of the output voltage in the (α-β) plane. The value of θ αβ given in Eq. (10) can be calculated as 
IV. DETERMINATION OF TIME DURATION AND SEQUENCING OF THE SWITCHING VECTORS.
The time duration of the selected switching vectors can be computed by projecting the reference vector onto the adjacent NZSVs. This is illustrated for the case when the reference vector is in tetrahedron 2 (T2) in Fig.4 , where the dutycycles d 1 , d 2 , d 3 for the active vectors 'V1=1000', 'V2=1001', 'V3=1101' are obtained based on projections from the following: 
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V. MATLAB/SIMULINK MODELING OF THE THREE-PHASE FOUR-LEG VOLTAGE SOURCE INVERTER.
A Matlab/Simulink software package model for the generation of the inverter switching pulses is constructed, using average large signal model (Eqs. (4), (5), and (8-15)) of the inverter to produce a reference vector in the (α-β-γ) plane. Identification process is implemented to determine the number of prism and tetrahedron that locates the position of the reference vector. Using the symmetrically aligned switching sequence pattern of the 6 prisms, 24 tetrahedrons duty time ratios for each switching vector is calculated. This model is shown in Fig.6 . 2 , 2014 Eqs. (2), and (15) to produce inverter three-phase output voltage pulses. Subsystem-6 represents the low-pass filter and load parameters. The threephase load terminal voltages, load currents, neutral current, trajectory of the fundamental inverter output voltages, THD, and frequency response can be monitored in this subsystem. 
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VI. SIMULATION RESULTS
Simulation is performed for the four-leg SVPWM inverter by using Matlab/Simulink software package program to justify the validity and the efficiency of the model performance for unbalanced load. Worst case of unbalance loads (resistive in phase a, capacitive in phase b, and inductive in phase c) are used with I A =180∟0, I B =90∟-90 and I C =90∟-240 A. also to confirm the results, simulation is repeated with non-linear load consists of three two-leg uncontrolled rectifiers supplying 14.14Ω, 15.71Ω, and 17.67Ω loads. Inverter parameters used in simulation are shown in Appendix A. The simulation results are listed through Figs. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Figure 8 shows the comparisons between the reference command voltages and inverter output voltages. This figure proves the ability of the model to follow the reference command voltage almost completely. Figure 9 shows the trajectory of the fundamental inverter output voltages vector in (α-β-γ) plane. This trajectory takes ellipse shape in 3-D compared with 2-D circle shape in conventional three-leg inverter. Observation of this trajectory indicates the continuity of the reference space voltage vector which is good for better space vectors switching performance. In Fig.10 the duty phase ratios computed in the Matlab M-file program for each inverter leg which corresponds to symmetrically sequence pattern. Figure 11 shows the unbalanced load currents. In Fig.12 balanced load terminals voltages for the unbalanced load currents are shown which confirm the benefits of this type of inverters. Figure 13 shows the neutral current under unbalance load conditions. Figure 14 shows the relation between the THD computed for the inverter output voltages against various modulation index. Figures 15-17 show the three phase inverter output voltages, inverter load currents, and neutral current before (LC) filter stage and neutral inductor respectively. Figure 18 shows the inverter three phase balanced output load voltages for non-linear load, which consists of three unbalanced two-leg uncontrolled rectifiers. Figure 19 shows inverter unbalanced load currents with non-linear three unbalanced two-leg uncontrolled rectifiers. Figure 20 shows the neutral current for that type of loads. Figures  21 and 22 showing the non-linear rectifier load output voltages and currents respectively. These results confirm the important features of the fourleg SVPWM inverter with various types of loads.
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VII. CONCLUSION
In this paper Matlab/Simulink model for four-leg space vector pulse width modulation inverter with average large signal inverter model is proposed with symmetrically aligned sequence switching schem, the most important factors in 3D-SVPWM analyzed using different types of load (linear and non-linear). All the results show the advantages of this type of inverters and its ability to handle unbalance loads, and neutral current through the fourth leg with its connection 
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